An experimental optimization of the efficiency of a gain switched tunable Cr 4þ :YAG laser at 10 Hz is described. The thermal lensing during pulsed operation was measured. Optimal performance occurred at a crystal temperature of 34°C and resulted in an output energy of ∼7 mJ and a pulse duration of ∼35 ns. Tunability in the range of 1350-1500 nm, spectral linewidth of ∼200 GHz, and M 2 < 4 are demonstrated. The main laser material parameters are estimated. Such a laser could be employed in a laboratory-based nonscanning lidar system if a narrowband birefringent filter is installed. The tunability will permit the improvement of the Cr 4þ :YAG transmitter for water-vapor differential absorption lidar if injection seeding is applied.
Introduction
Elastic backscatter lidars provide two-to four-dimensional images of the visually clear atmosphere over periods of time ranging from hours to days and covering areas of tens of km 2 . They are able to detect aerosol plumes and map variability of atmospheric structures with high temporal and spatial resolution, which cannot be obtained with passive remote sensing and in situ sensors. However, the lidar technique is best accomplished by probing the atmosphere with high-pulse-energy laser radiation, which poses a potential ocular hazard. This limits the number of environments where the lidar can be employed. It is not safe to use a non-eye-safe lidar, e.g., near airports, in field campaigns with other instruments around, or in urban areas. Therefore, an operational wavelength near 1:5 μm, which offers the maximum eye-safe energy [1, 2] and good performance detectors [InGaAs avalanche photodiode (APD)] [3] , was chosen for the development of the lidar transmitter.
There are several possibilities to generate pulsed laser radiation near 1:5 μm. They include solid-state lasers, optical parametric oscillators (OPOs) [4, 5] , and stimulated Raman scattering (SRS) [6] . We have chosen to develop a solid-state laser transmitter based on the Cr 4þ :YAG crystal, as the beam characteristics (especially divergence) can be controlled better by a suitable resonator design compared to nonlinear wavelength converters. This is particularly important, as the efficient InGaAs APD detectors have diameters of the order of 200 μm resulting in a relatively narrow receiver's field of view. Moreover, Cr 4þ :YAG is widely tunable in the range ∼1400-1500 nm and thus possesses the potential for measuring water-vapor absorption with the differential absorption lidar (DIAL) technique. Based on simulations of the performance of a DIAL in the troposphere [7] [8] [9] and using the spectroscopic database HITRAN [10] , suitable water-vapor absorption lines are identified in Subsection 6.B.
Since laser action in Cr 4þ :YAG was first reported [11] , substantial research has been conducted with different pump lasers at approximately 1 μm (Nd: YAG, InGaAs laser diode [12, 13] , and Yb-doped fiber laser [14] ) and in a variety of operation modes [15] . Short laser pulses of the order of a few to tens of nanoseconds, which is desirable for lidars, can be produced when the crystal is operated in a gainswitched regime [16, 17] . A maximum conversion efficiency of 16 .4%, resulting in 11 mJ output energy at 1 Hz was demonstrated by Mathieu et al. [17] . Output energy of ∼5 mJ [18] and ∼10 mJ [17] have been reported for 12:5 Hz and 30 Hz pulse repetition frequency (PRF), respectively. Gain-switched Cr 4þ :YAG laser operation at a kilohertz PRF (90 μJ at 1 kHz and 55 μJ at 5 kHz in 4 ns pulses) was reported by Mathieu et al. [17] . The main limitations of the extraction efficiency of Cr 4þ :YAG are the absorption saturation of the pump energy and the excited-state absorption (ESA) of both pump and emission radiation [16, 17, 19, 20] .
Previous research reports do not provide information about the design considerations, laser mode operation, and beam quality (beam divergence), which are critical for the use of a Cr 4þ :YAG laser as a lidar transmitter. Here, we present details regarding the design and experimental optimization of the laser performance. The crystal properties and optimization of parameters such as active ion concentration and geometry of the rod are discussed. For the first time, to the authors' knowledge, the thermal focal length of the Cr 4þ :YAG crystal is reported in pulsed mode. Moreover, the laser performance including linewidth, beam profile, and beam propagation factor are characterized. This results in a sufficient set of data obtained with a single crystal that, when combined with additional spectroscopic measurements, can be used to model the performance of the laser.
Pump Configuration
The experimental arrangement is presented in Fig. 1 .
A. Pump Laser
The pump laser for the Cr 4þ :YAG wavelength converter was a flash lamp-pumped Q-switched Nd:YAG laser (Continuum Surelite III) with 800 mJ output pulse energy at 1064 nm wavelength. It operated at a PRF of 10 Hz and pulse duration of 6-8 ns at FWHM. The beam was flat-topped and multimode. Measurement of the beam propagation using a plano-convex (PLCX) lens with a nominal focal length of f ¼ 0:5 m yielded M 2 ¼ 2. The beam was slightly astigmatic and 70% horizontally polarized. The pointing stability was sufficiently good and the pulse-to-pulse energy variation was ∼10%.
The Cr 4þ :YAG crystal must be pumped with a linearly polarized beam in order to achieve maximum conversion efficiency [16, 19, 21, 22] . Therefore, the pump polarization was improved with a thin-film polarizer (TFP 1 ) at the Brewster angle. In addition, an external energy attenuator was built (composed of a half-wave-plate λ=2P 1 and a second TFP 2 ), which enabled the investigation of Cr 4þ :YAG laser characteristics for different pump pulse energies while keeping the pump beam propagation parameters constant.
Localized regions of high energy, known as "hot spots," were present in the pump beam. The energy density in the hot spots can exceed the damage threshold of the optical components even at low pulse energy, due to their small size. To ensure maximum safety for the optical components and the Cr 4þ :YAG laser rod at high pulse energies, a vacuum spatial filter (VSF) was built, which transformed the pump beam profile to a dramatically smoother nearGaussian-shaped beam.
B. Vacuum Spatial Filter
Our goal was to design a compact VSF. Therefore different spatial filters were tested first with low pump pulse energy and no vacuum. A detailed description of these experiments is provided in our previous paper [23] . We found that the burning and also deformation of the pinhole can be avoided, or sufficiently decreased, if the focus has a diameter larger than 2 mm. This precluded the possibility of building a short VSF. The desired large beam diameter at the medial focus was produced by a 2: (Fig. 1) . The separation between the foci in the x and y planes was reduced by a cylindrical lens L 1 (f x ¼ 10 m). We used a custom stainless-steel pinhole with a fine polished reflective conical profile and a bore diameter of 1:9 mm, which was placed in the medial focus where the beam was approximately circular (beam diameter of 2:68 mm× 2:6 mm). The transmitted beam was further shaped with the recollimating lens L 5 with f ¼ 1 m.
The pinhole was placed in a small vacuum chamber, which was mounted on an XYZ translation stage. Flexible bellow sections allowed movements of the vacuum chamber during alignment. The spatial filter was sealed with 5 cm in diameter uncoated plane windows at the Brewster angle. Its overall length was 2:6 m. The VSF was evacuated to 133:3 Pa. The filter had a leak rate of ∼95 Pa= day and the pressure was restored to 133:3 Pa every two weeks.
The VSF significantly improved the pump beam profile but with slight convergence and residual astigmatism. The laser crystal was placed in the medial focus where the beam was approximately circular and fitted to a 94% Gaussian beam. The use of this filter is only required as long as the pump laser has a beam profile with hot spots.
Cr 4þ :YAG Laser Crystal
An extensive spectroscopic investigation of the Cr 4þ :YAG laser crystal has been published by Kück et al. [24] . The fluorescence in the 1400 nm region, caused by pumping with light at 1000 nm wavelength, is attributed to tetrahedrally coordinated Cr 4þ ions. According to [16, 22, 25] part of the Cr ions may also occupy octahedral sites but do not contribute to the near-infrared fluorescence. In addition, a large number of trivalent Cr ions exist in octahedral sites in the crystal [19, 22] . This makes it difficult to estimate the concentration of the tetrahedrally coordinated ions in order to determine parameters such as the absorption cross section.
The optical transitions of the tetrahedrally coordinated Cr 4þ ions in YAG can be described by a fourlevel system [21, 26] . The lifetime of the upper laser level at 300 K is τ 2 ¼ 3:4-4:7 μs [17, 25, 26] . The ions from the upper laser level can be excited to even higher energy levels due to absorption of photons at the pump and emission wavelengths. These transitions are known as ESA. They cause additional losses, which result in a rise of the laser threshold pump power and a reduction of the slope efficiency.
The published values of the ground-state absorption (σ GSA ), stimulated emission (σ SE ), and the ESA cross sections (σ ESAp , σ ESAL at the pump and laser wavelengths, respectively) vary significantly [17] [18] [19] [25] [26] [27] [28] . This makes it difficult to model the performance of this laser. Therefore, an extensive experimental optimization of the laser performance is essential.
A. Laser Crystal Cooling System
The laser crystal was actively cooled using an advanced cooling system [29] described below. The laser rod was clamped between two aluminum shells (Fig. 2) . The optimal bore diameter was determined by taking into account two factors. First, the accuracy of the measurement of the crystal's diameter, provided by the polisher, and, second, the variations induced by thermal expansion and contraction of the rod for a temperature change of AE20°C departure from room temperature. In addition, the bore surface was coated with a 9 μm thick layer of gold that ensures good mechanical contact between the laser rod and the aluminum shells. This is required for effective heat transfer. The temperature of the crystal was measured by a resistance temperature detection (RTD) element and stabilized with a Peltier module controller to the desired value with an accuracy of AE20°C. Peltier thermoelectric coolers (TECs) were mounted on the clamp shells. Their "hot" side was cooled by circulating water in another aluminum block and a recirculating chiller. A thermal transfer compound was applied to the RTD and Peltier elements.
B. Measurement of the Pump Absorption
The crystal used in this study was a 40 mm × 7 mm Cr 4þ :YAG cylindrical rod with a specified smallsignal absorption coefficient α ¼ 3:5-4:0 cm −1 from IRE Polys, Moscow. The rod had Brewster-cut end faces (θ B ¼ 61:4°) with a specified damage threshold of more than 700 MW=cm 2 (A. Shestakov, IRE Polys). The crystal's transmission of the pump radiation was measured for two different pump beam diameters: 2:1 mm × 2:2 mm and 3:0 mm × 3:2 mm. The energy fluence was calculated for homogeneous energy distribution over the beam cross-sectional area and accounts for the Brewster geometry (elliptical beam in the crystal). The temperature of the crystal was stabilized to 15°C. The experimental data are presented in Fig. 3 . In addition, the absorbed energy as a function of the pump fluence for both pump beam sizes is shown in the same figure. The crystal's transmission of the pump wavelength reaches a maximum value of 20% and remains approximately constant with further increases of the pump energy. This effect is attributed to the unsaturated ESA at the pump wavelength [19] .
The attenuation of the pump energy fluence with distance through the crystal was calculated according to [27, 30] . The fitted transmission curve corresponds to the following parameters: [19, 27] ), which indicates that the crystal used in this study had a higher doping level. The fitting value of the GSA cross section agrees well with Borodin et al. [18] and Eilers et al. [19] . The fitting value of the ESA cross section agrees well with Borodin et al. [18] and Zverev and Shestakov [25] . The number density of the Cr 4þ ions was estimated to be n T ¼ α=σ GSA ¼ 6:4 × 10 17 cm −3 . Despite the higher small-signal absorption coefficient of our crystal, n T is slightly smaller than reported by others [n T ¼ ð1 − 1:5Þ × 10 18 cm −3 [22, 25, 27] ]. These discrepancies result from differences in the value of the GSA cross section used to estimate the active ion concentration.
C. Thermal Lensing
The thermal lensing focal length was measured using the pump-probe technique [31] . A linearly polarized CW beam at 1310 nm [distributed feedback (DFB) laser diode] was used as the probe beam.
The wavelength was chosen so that it is outside the strong absorption spectrum of Cr ions-between 300 and 1200 nm [24] . The probe beam was coupled into the crystal through the high-reflectivity folding mirror HR 5 ( Fig. 1 ). In the presence of a thermally induced lens in the laser rod, the probe beam focuses after the rod. To bring the thermal focal points closer to the crystal, an additional lens of f ¼ 0:7 m was placed immedi- 3 . Transmission of the pump radiation (experimental T exp and fitted T fit ), absorbed energy (E abs;2 and E abs;3 for 2 and 3 mm pump beams, respectively) and calculated inversion population ratio (n i =n T ) versus pump energy fluence.
ately after the rod. The probe beam diameter was measured after the lens with an infrared pyroelectric camera from Spiricon, Model PyroCamIII. Matrix methods and the tilted slab approximation [32] were applied in order to calculate the thermal focal length independently in the sagittal (s) and tangential (t) planes. For a pump average power of 1:3 W the obtained values for the thermal focal lengths were f s ¼ 15 m and f t ¼ 4:5 m with a relative error of 20%.
The ratio f s =f t ¼ 3:33 is less than the value of 4.36 predicted by the tilted slab approximation. Nonetheless, the experimental value is consistent with the approach used by Wagner et al. [33] . They showed that the smaller ratio results from the nonsymmetrical temperature profile around the rod's axis.
D. Resonator Design
For this project, the resonator design goal is based on the desirability for operation in the fundamental mode with high pulse energy and pointing stability, and a compact and mechanically stable setup. Therefore, dynamically stable resonators with low misalignment sensitivity were calculated by applying the matrix technique proposed by Magni [34] and using the experimental values for the thermal lensing. Considering the low gain laser medium, we chose a linear PLCC resonator configuration. The rear mirror was plano (R 1 → ∞) placed at L 1 ¼ 0:1 m from the tangential principal plane of the crystal in order to better exploit the active medium [35] and reduce the effect of spatial hole burning [36] . Different output couplers (OCs) with standard radius of curvature (R 2 ¼ 1, 2, and 3 m) and specified partial reflectivity R for the wavelength region of 1400-1500 nm were tested. The position of the OC was varied in order to obtain different mode sizes in the crystal (see Table 1 ).
Experimental Results

A. Optimization of the Mode Size
All measurements presented in this subsection were performed with a pump beam diameter of 2:1 mm × 2:2 mm at the input surface of the crystal. This diameter was obtained with the recollimating lens L 5 with f ¼ 1 m (Fig. 1) . The temperature of the crystal was stabilized to 15°C. The resonators (see Table 1 ) were aligned to provide maximum output energy for the highest pump energy E pump ¼ 130 mJ (absorbed energy E abs ¼ 105 mJ). A few of the experimental power curves are presented in Fig. 4 . Similar experimental results are discussed in the text but are not shown for clarity of the figures.
The resonator configurations (a) with R ¼ 95% and (e) with R ¼ 90%, both with a mode radius of ∼0:5 mm (see Table 1 ), performed very similarly: the output energy increased linearly with the pump energy (up to 60-65 mJ absorbed energy) and then remained constant-indicative of saturation. Higher output energy was obtained by using resonators (c) and (f) both with R ¼ 90%, which produced larger mode sizes. Two maxima in the output energy were observed followed by saturation. This behavior can be explained with the mode structure of the laser beam: lower-order modes saturate and higher-order modes start oscillating and eventually saturate. Resonators (d) and (f) were tested also with 20% output coupling. The efficiency of the laser decreased by approximately a factor of 2 for E abs ¼ 103 mJ and the pulse duration reached 200 and 300 ns for (d) and (f), respectively. Clearly 20% output coupling was too high. The resonator configurations (g) and (h) both with OCs of R ¼ 90% performed the same, and despite the larger mode size in the crystal (∼0:8 mm), the laser performance was not improved.
The laser pulse duration and the build-up time were measured simultaneously with the output power. As expected, shorter laser pulses were obtained with the shorter cavities (Fig. 4) . Also, resonators with the equivalent length but only different OC radii of curvature had approximately the same buildup time and pulse duration. Both parameters increased when the transmission of the OC was changed to 20%.
B. Optimization of the Pump Beam Diameter
Further optimization of the laser performance was achieved by enlarging the pump beam diameter at the input surface of the crystal to 3:0 mm × 3:2 mm.
This (Fig. 1) . The resulting beam was approximately collimated through the crystal. Due to the lower pump energy density the crystal's transmission of the pump wavelength was reduced to 12% at E pump ¼ 130 mJ (Fig. 3) .
Resonators from each group with similar mode size and performance presented in Subsection 4.A and shown in Fig. 4 were tested again with the larger pump beam size and an OC with R ¼ 90%. The experimental results are presented in Fig. 5 .
and 12% on average, respectively. This pulse duration and the absence of after pulses make the laser suitable for a lidar transmitter.
The laser performance was improved with the 3 mm pump beam. Therefore, all the experiments that follow were performed with this pump beam size.
C. Optimization of the Temperature of the Crystal
The impact of the temperature T of the crystal on the laser output energy was investigated for different pumping in the resonator configuration (f) with an OC of R ¼ 90%. The resonator was aligned for maximum output energy at T ¼ 15°C. The alignment was not adjusted during the measurement. The output energy was measured for a given pump energy and a set of controlled temperatures of the crystal. 
the crystal. In a few seconds the temperature of the crystal stabilized and the output energy reached a constant value. The experimental results were reproducible in both directions of temperature change -increase and decrease. To evaluate if the alignment was temperature sensitive, the same measurement was repeated for the maximum pump energy and the resonator mirrors were adjusted for every setting of T. The resonator mirror mounts had micrometer screws for fine tuning and positioning readout, which permitted returning the mirrors to the original position. It was found that the same alignment of the resonator was optimal for all temperatures. Figure 6 shows the output energy as a function of T for different pump levels. It is evident that the optimal temperature is a function of the incident energy. For low pump energies, the laser efficiency can be improved by cooling the crystal whereas for high pump energy maintaining the crystal at or above room temperature results in a higher output energy. The pulse length variations from the average value for this arrangement and temperature interval T ¼ 5°C-40°C were AE18% for E abs ¼ 54 mJ and 1%-4% for E abs ¼ 72-115 mJ. The build-up time variations were ∼10%.
To extract more laser output energy, the temperature of the crystal was experimentally optimized for E pump ¼ 130 mJ. The optimal temperature T opt was dependent on resonator configurations (Fig. 7) . The power curves obtained from the selected resonators are shown in Fig. 8 with their corresponding T opt . The maximum output energy of 5:9 mJ was extracted from the resonator (b) with R ¼ 80% and T opt ¼ 34°C. For the optimal temperature of the crystal a decrease of the build-up time and the pulse duration with ∼5% from the case with T ¼ 15°C was measured.
Parameters that may be responsible for the dependence of the output energy on the crystal temperature are absorption of the pump energy, fluorescence lifetime, thermal lensing, and losses due to ESA of the photons at the emission wavelength. Measurement of the crystal's transmission of the pump photons for the temperature interval 5°C-40°C indicated a variation of ≤ 2% for the entire range of pump pulse energies. Okhrimchuk and Shestakov [20] also demonstrated that the integrated absorption over the spectral region of 770-1250 nm is constant for temperatures of the crystal 0°C-27°C.
The fluorescence lifetime decreases by increasing the temperature [26] . However, for the temperature interval of interest, the lifetime is a few micro- seconds, which is very long compared to the pump pulse duration and is therefore neglected in the rate equation model [18] .
The thermal lensing was measured only for T ¼ 15°C, 2 mm pump beam diameter, and E pump ¼ 130 mJ. For a larger pump beam size the intensity is weaker and as a result the thermal focusing power is expected to decrease. To estimate the thermal focusing power for T ≠ 15°C one has to know the temperature dependence of the refractive index. In general, stronger thermal lensing is expected for higher temperatures. All tested resonators have very broad stability zones. Shortening of the thermal focal length (as low as f t ¼ 3 m) for higher crystal temperatures or increase due to larger pump beam sizes would lead to a slight change of the mode size and the laser remains stable. However, the beam propagation in the cavity and the divergence change as a function of the thermal focal length. Therefore, for a given temperature of the crystal the thermal focal lens is optimal in terms of beam divergence in the cavity and thus low diffraction losses. In this case higherorder modes are generated and higher output energy can be achieved. This temperature may not be optimal for other pump energies due to different induced thermal lensing (Fig. 6 ). As was shown in Fig. 7, for the same pump level T opt varies with the resonator configuration. This effect can be attributed to the optimal mode matching that occurs for different thermal lensing or temperature of the crystal.
The remaining and very important parameter for the laser performance is the ratio r s ¼ σ ESA L =σ SE . Since the mode size and the cavity losses are not constant with crystal temperature variations, it is difficult to make any conclusions about the temperature dependence of r s based only on the laser output characteristics. Spectroscopic measurements of both cross sections as a function of the crystal temperature are required. It is possible that r s has a minimum at a certain crystal temperature T opt due to thermally induced transitions in the crystal.
Application of the Rate Equation Model to the Experimental Data
A few power curves were fitted with the rate equation model according to Borodin et al. [18] . The calculations were performed for the values of σ GSA , σ ESAp , and n T obtained from the fit of the pump power transmission curve (Fig. 3) . Figure 3 shows the inversion population ratio n i =n T (n i is the initial inversion population) averaged over the crystal length as a function of the pump fluence. The inversion population increases rapidly to 95% for incident pump fluence of 0:75 J=cm 2 . After that it increases slowly to 100% at 1:1 J=cm 2 . As the experiments confirmed, at this pump level full saturation of the output energy is reached and further increase of the pump energy does not result in an increase of the output energy. Moreover, a decrease of the output energy was observed in the full saturation region (Fig. 4) . This effect is attributed to the existence of ESA of the laser photons [16] .
To calculate the laser threshold, a knowledge of the dissipative losses in the resonator L, the σ SE , and the σ ESA L are needed. However, measurements of these parameters were outside the scope of this project. Therefore, the experimental threshold was used as a fixed parameter in the equation for the output energy [18] to fit the experimental power curves. From Fig. 3 it follows that the experimental laser threshold at ∼0:15 J=cm 2 corresponds to 30% inversion population.
The best fit was obtained with σ ESA L =σ SE ¼ 0:66 and L ¼ 2%. For example, the experimental data, obtained with a 2 mm pump beam and resonator configuration (e) were fitted with different mode sizes at different pump energy densities. First, only the TEM 00 mode oscillates with the mode size of 0:51 mm × 0:55 mm as predicted by the resonator design calculations. With an increase in the pump energy, higher-order modes are generated, which occupy larger areas of the laser rod. The experimental data points obtained with the same resonator but pumped with a 3 mm diameter beam depart on the theoretical curve for a mode size of 0:84 mm × 0:84 mm. As a result, higher output energy was achieved.
The fitting parameter r s ¼ 0:66 is approximately equivalent to that reported by Suda et al. [27] and is within the range of the published values of 0.39 in [28] to 0.71 in [18] . From the equation describing the threshold number density [18] σ SE and σ ESA L were estimated to be 2:65 × 10 −19 cm 2 and 1:75 × 10 −19 cm 2 , respectively. These values are in good agreement with McKinnie et al. [28] . The laser pulse duration for various resonator configurations were also calculated using the experimental threshold.
The theoretical values are in good agreement with the experimental results. Using the fitting parameters we estimated the linear gain coefficient g ¼ ðσ SE À σ ESA L Þn 2 (for n 2 ¼ n T ) to 0:06 cm −1 , which corresponds to single pass gain G ¼ exp g:l cr ¼ 1:22. Mathieu et al. [17] reported an approximately equivalent gain coefficient of 0:05 cm −1 . The tunability of a Cr 4þ :YAG laser was demonstrated with a three-plate off-the-shelf birefringent filter (BF) (Bernhard Halle Nachfl. GmbH, Germany). The thickness of the plates was set in a ratio of 1:2:4 with the thinnest plate of 0:85 mm corresponding to a free spectral range (FSR) of 290 nm. The filter had 100% transmission at 1450 nm with FWHM after one passage of 32 nm. The BF was rotated in increments of 2°corresponding to changing the emission wavelength with 15:5 nm [37] . The assembly was placed in the cavity at the Brewster angle. The tuning range of the laser was measured with a spectrometer (SPEX Industries, Model 340E) using a blazed reflection grating in a Czerny-Turner configuration. The accuracy of the measurements was AE2 nm and the spectral resolution was estimated to 0:5 nm.
The tunability of Cr 4þ :YAG was investigated for two resonator configurations: for both R 1 ¼ ∞, Fig. 9 . A maximum tuning range of 198 nm (from 1325 to 1523 nm) was obtained in the shorter resonator with an OC of R ¼ 90%. When the transmission of the OC was increased to 20%, the tuning range decreased from both ends by approximately the same amount (30 nm) down to 136 nm. However, with this OC, higher output energy was obtained for the spectral range of 1364-1485 nm. The longer resonator with R ¼ 90% and T opt ¼ 30°C produced approximately the same tuning range as the shorter resonator with R ¼ 90%, however with less output energy. For R ¼ 80% and T opt ¼ 34°C the output energy and the tuning range decreased. The pulse duration was 29-33 and 100-120 ns around the peak wavelength for the resonators with L 2 ¼ 0:135 and 0:57 m, respectively. As expected due to lower gain, the pulse duration and the build-up time increased at wavelengths far from the peak wavelength of 1432 nm.
The laser was tuned at the peak wavelength of 1432 nm and the power curves were recorded (Fig. 10) . In the shorter resonator, the optimal conditions in terms of low laser threshold and high output energy were R ¼ 80% and T opt ¼ 34°C. Approximately 6%-7% more energy was extracted without the BF in the cavity. In the case of the resonator with L 2 ¼ 0:57 m the optimal conditions for multimode operation were R ¼ 90% and T opt ¼ 30°C.
The linewidth at 1455 nm was determined for the short resonator with OCs of R ¼ 90% and 80% and T opt ¼ 34°C. The measurement was performed with the grating spectrometer and a Fabry-Perot interferometer-based spectrum analyzer (EXFO Burleigh, TL-1500-NIR). The experimental data were fitted with a Gaussian function, resulting in a FWHM of approximately 1:4 nm (198 GHz).
B. Water-Vapor Absorption Lines
Based on simulations of the performance of a watervapor DIAL in the troposphere, Wulfmeyer and Walther [9] determined the optimal parameters for water-vapor absorption lines. Suitable absorption lines must have line strength of the order of 10 −24 -10 −22 cm and lower state energy < 300 cm . Also, for a sufficient lidar measurement resolution and range, the differential optical thickness [optical depth (OD)] must be between 0.03 and 0.1 [7] .
There are approximately 200 potential watervapor absorption lines in the 1400-1500 nm wavelength region with the required line strength and lower state energy. The optical depth for these lines was calculated using a standard atmosphere (altitude: sea level; air temperature: 296 K; and partial pressure: 775 Pa) and 100 m path length. However, most of the lines have OD outside the necessary range and/or overlap with other water-vapor absorption lines. As a result, only a few absorption lines are suitable for DIAL. They are listed in Table 2 and are indicated in Fig. 11 . Some of the potential lines (with the right strength, lower state energy, and OD, but overlapping with other lines) are also marked for a comparison. It is worth noting that the water-vapor absorption lines have a spectral linewidth of a few gigahertz (FWHM) and the required linewidth for the lidar transmitter is a few hundred megahertz. Some suggestions of how to improve the spectral line- width of the Cr 4þ :YAG laser are provided in Section 8.
The standard atmosphere conditions correspond to a mixing ratio m r ¼ 4:8 g=kg (the mass of water vapor to the mass of dry air per unit volume). For a constant temperature the OD is proportional to the mixing ratio. For example, an increase of the water-vapor content by a factor of 2 (m r ¼ 9:6 g=kg) results in an increase of the OD also by a factor of 2. Thus, the absorption line, e.g., at 1458:68 nm remains a good choice for the measurement over this span of water-vapor content. The line at 1502:75 nm, on the other hand, will have a very large OD of 0.22. To ensure the same resolution and range, the laser wavelength must be tuned off the center of the line to a wavelength corresponding to an OD of 0.03-0.1. In the opposite case of drier air, the absorption line at 1458:68 nm will not have sufficient OD but the line at 1502:75 nm will remain within the required range. a Corresponds to standard atmosphere and 100 m path length. Fig. 11 . Optical depth of suitable water-vapor absorption lines in the 1400-1500 nm spectral region for standard atmosphere and 100 m path length.
Beam Profiles and M 2 Measurement
In Fig. 12 the laser beam profiles obtained with the later two resonator configurations are compared for E pump ¼ 130 mJ. In the case of the short resonator the beam cross section was a superposition of highorder modes resulting in a top-hat profile with small variations of the energy distribution. However, the beam profile for T ¼ 20°C was elliptical and, in general, smaller than that of the optimal temperature of the crystal. Also, the beam was comprised of lowerorder modes compared to the same cavity with T opt ¼ 34°C, which explains the lower extracted energy. The beam profile of the longer resonator does not contain modes of such high order as the shorter resonator. The energy in the center was only 1/3 of the maximum energy and the beam profile resembled the mode refered to as "donut," which has a low intensity core. M 2 of the resonator with L 2 ¼ 0:135 m was measured for operation in the fundamental mode and multimode. The beam propagation factor was 1 × 1 for TEM 00 and 3:6 × 3:7 for the multimode regime in the sagittal and tangential planes, respectively. The beam was slightly astigmatic. The half-angle beam divergence for TEM 00 was estimated to be θ 00 ¼ 0:83 × 0:86 mrad in the sagittal and tangential planes, respectively, which agrees well with the predictions by the resonator design program (again using the thermal lens measured for T ¼ 15°C). The experimentally obtained divergence of the multimode beam was θ mn ¼ 1:6 mrad × 1:7 mrad. This is also consistent with the theoretical values according to θ mn ¼ ffiffiffiffiffiffiffi M 2 p θ 00 utilizing the measured M 2 : 1:7 mrad × 1:8 mrad. As expected, due to oscillation of lower-order modes, the M 2 of the resonator with L 2 ¼ 0:57 m was smaller: 1:8 × 1:76. The half-angle beam divergence was 1-1:2 mrad. The beam was slightly astigmatic. The beam propagation factor of the shorter resonator without the BF was approximately the same as when the laser was tuned at 1432 nm: 3:3 × 3:4. The energy distribution was also similar.
Conclusion
The Cr 4þ :YAG laser with a maximum output energy of 7 mJ at 1430 nm at 10 Hz fulfills the requirements for short pulses (∼35 ns) and sufficiently low divergence (M 2 < 4) for use in a lidar system utilizing InGaAs APDs in the receiver [2] . However, the size of the laser (including the pump laser, the VSF and the Cr 4þ :YAG wavelength converter) restricts its use to the laboratory. To employ the laser in the field on a mobile platform, the pump laser must be exchanged with another pump laser that produces a good beam profile, which eliminates the need for a VSF. Recently high-power, high-repetition-rate diode laser pumped Nd:YAG lasers became available [38, 39] , which can be used for pumping the Cr 4þ :YAG laser. In addition, the spectral linewidth of the Cr 4þ :YAG laser should be reduced to a few gigahertz by using a different BF with narrowband transmission in order to avoid water-vapor absorption.
The largest limitation of Cr 4þ :YAG is the low pulse energy. To obtain a sufficient lidar signal-to-noise ratio for practical use, averaging backscatter for a few minutes will be required. Therefore, it is recommended to increase the PRF to at least 100 Hz. At low repetition rates such a laser can be employed in a vertically pointing lidar that provides altitude versus time images of slowly changing atmospheric structures.
For further improved performance of a vertically pointing lidar, or for applications of Cr 4þ :YAG as a transmitter for a scanning lidar, more research is necessary toward increasing its output energy. Based on the experimental results obtained within this study, here are some recommendations of how to achieve higher output energy. Long (6-8 cm) or multiple highly doped (≥10 18 cm −3 if possible) crystals with diameters > 5 mm should be used in order to improve the pumping efficiency (by maximizing the absorption of the pump energy) and consequently the conversion efficiency at high pump pulse energy. For high PRF, a slab geometry of the crystal can be considered for more efficient cooling. The pump beam should have a large diameter approaching the diameter of the rod in order to generate high-order modes and extract energy of a larger volume of the low gain active medium. The pump energy fluence can be close to full saturation of the pump radiation (∼1 J=cm 2 ). Thus, it is recommended to use a smooth top-hat profile rather than a Gaussian. Due to the relatively low pump fluence, the rod can have plane antireflection (AR)-coated instead of Brewster-cut end surfaces. This will allow one to exploit the crystal cross section more efficiently. Also, by using an AR-coated rod, the proper orientation of the crystal can be easily determined whereas for a Brewster angled crystal the laser performance will decrease if the plane of incidence of these cuts is not properly oriented with the crystallographic axis. The temperature of the crystal should be optimized experimentally. Most likely the optimal temperature is near or above room temperature. The shortest possible stable resonator should be chosen in order to generate high-order modes. The crystals should be pumped from both ends, each with maximum energy fluence ∼1 J=cm 2 , in order to create more homogeneous gain. It is also desirable to use an injectionseeded single longitudinal mode pump laser and injection seed the Cr 4þ :YAG laser. This will result in a narrower spectral linewidth and lower M 2 factor. The laser spectral purity is critical especially for DIAL. Therefore, one should consider a unidirectional ring resonator design. Unidirectional ring resonators are injection seeded more efficiently and single frequency operation is easily achieved. After performing these improvements we expect that the output energy may be further increased by a factor of 2-3.
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